Thousands of long noncoding RNAs (lncRNAs) have been identified in mouse, rat, and human testes, some of which play important roles in testis development and spermatogenesis. However, systematic analysis of lncRNAs expressed in postnatal pig testes has not been reported. Thus, in this study, we present the expression and characterization of lncRNAs in immature (30-day-old [D30]) and mature (180-day-old [D180]) pig testes. A total of 90 440 168 (85.75%) and 97 001 700 (95.35%) 150-base-pair paired-end clean reads were generated in D30 and D180 cDNA libraries, respectively, using the Illumina HiSeq 4000 platform; 36 727 transcripts were assembled in those two libraries, 777 lncRNA transcripts from 752 lncRNA gene loci were identified using the highly stringent pipeline, and 101 of those lncRNA transcripts were significantly differentially expressed. Those lncRNAs shared some characteristics with other mammals, including fewer exons, shorter length and exon length, and lower expression level compared with those of protein-coding genes; 402 protein-coding genes (,10 kb) were found as nearest neighbors of 294 out of 752 lncRNA genes, and gene ontology enrichment showed that they were enriched in transcription-and development-related processes. Fifteen differentially expressed and 10 novel lncRNAs were randomly selected and validated by quantitative polymerase chain reaction (PCR) and reverse transcriptase PCR. In addition, one of the 10 novel lncRNAs was further confirmed using RACE clone technology. This study provides a catalog of porcine testes lncRNAs for further understanding their regulation roles in pig testis development and spermatogenesis.
INTRODUCTION
Researchers have paid much attention to protein-coding genes in molecular genetic studies, while noncoding RNAs (ncRNAs) have been considered junk RNAs and transcriptional noise for a long time. Currently, different subclasses of ncRNAs are successively identified and confirmed with regulation roles in organisms, such as micro-RNA (miRNA) [1] , PIWI-interacting RNA (piRNA) [2, 3] , small interfering RNA [4] , and long noncoding RNA (lncRNA) [5, 6] . The lncRNAs are distinct from other subclasses and are a kind of ncRNA with multiexons and are longer than 200 nt. They commonly share some characteristics in vertebrates [6] , such as low number of exons, short sequence length, low sequence conservation, low expression level and high temporal expression comparable to protein-coding genes [7] [8] [9] [10] [11] [12] . Recently, lncRNAs have been known to participate in some important biological processes, such as development [13, 14] , X inactivation [15, 16] , genomic imprinting [17] , and diseases [18, 19] .
The pig has been considered an important economic animal and a good model animal in bioresearch, while only 11 863 pieces of pig lncRNAs have been submitted to the Alter Any Database (ALDB) [20] . In contrast, there are 198 619 pieces of human lncRNAs (Release 23) and 111 706 pieces of mouse lncRNAs (Release M7) in the Gencode database. Previous studies have identified a limited number of pig lncRNAs using RNA-seq data. For example, 6621 pig lncRNA transcripts corresponding to 4515 lncRNA gene loci are identified from available RNA-seq resources derived from 93 samples [8] , and 570 lncRNA transcripts from 476 lncRNA gene loci are identified from fetal porcine skeletal muscle [14] . Those clues indicate that RNA-seq technology is successful in identifying pig lncRNAs, and other tissues of porcine with different development stages can be sequenced using it. Testis is an important organ to guarantee the coordinated process of spermatogenesis [21] . In mouse, rat, and human, a large number of lncRNAs were identified from specific developing stages of testes and spermatogenesis and predicted with critical roles in testes development and spermatogenesis [22] [23] [24] [25] [26] [27] [28] , while more studies focused on miRNAs, piRNAs, and transcriptome profiling in porcine testes [29, 30] . Therefore, the limited number of lncRNAs identified in pig testes may cause a bottleneck for further studying their complex physiological processes in porcine testes development and spermatogenesis.
In this study, we investigated lncRNAs in the testes of Shaziling pig (Sus scrofa, a Chinese indigenous pig) at two representative stages-30 days old (D30) and 180 days old (D180)-using Illumina HiSeq 4000 technology. A total of 777 lncRNA transcripts from 752 lncRNA gene loci were identified. The analysis results showed that lncRNAs had lower expression level, exon number, and sequence conservation and shorter length compared with protein-coding genes. In addition, the high percentage of validation suggested that most of novel identified lncRNAs truly express in vivo. This is the first study to identify lncRNAs during postnatal development of porcine testes, and our data will provide a useful resource to study their functional roles in testes development and reproduction.
MATERIALS AND METHODS

Ethics Statement
Methods were performed according to the guidelines of the Declaration of Helsinki, and all experimental protocols involving animal subjects were approved by the Animal Welfare Committee of the College of Animal Science and Technology, Hunan Agriculture University (no. 2013-06).
Animals and Sample Collection
Shaziling boars were provided by the pig farm at the Xiangtan Bureau of Animal Husbandry and Aquatic Products (Hunan, China). Each of three D30 and D180 Shaziling boars were castrated to obtain testes samples. Boars were given general anesthesia (Zoletil 50; Virbac Co.) before castrating. All samples were immediately snap frozen in liquid nitrogen and stored at À808C until RNA extraction.
Hematoxylin and Eosin Staining
Immature and mature testicular tissue that had been kept in 4% formaldehyde for 72 h were processed using routine histological methods. The 6-lm-thick sections were stained with Masson trichrome. The morphology of testicular tissues was determined using microscopic analysis.
RNA Extraction and Qualification
Total RNA of each sample was isolated using TRIzol reagent (Invitrogen). Total RNA purity and concentration were checked using a NanoPhotometer spectrophotometer (IMPLEN) and the Qubit RNA Assay Kit in a Qubit 2.0 Fluorometer (Life Technologies). In addition, RNA integrity was assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies), and only the samples with RNA integrity number scores higher than 8 could be used in this study.
Library Preparation and Sequencing
Equal amounts of total RNA of three pig testes tissues in the same development stage were pooled for constructing cDNA libraries. In the present study, two cDNA libraries named D30 and D180 were constructed by the NEBNext Ultra Directional RNA Library Prep Kit for Illumina (NEB) after removal of ribosomal RNA by the Epicentre Ribo-zero rRNA Removal Kit (Epicentre). Briefly, the rRNA-depleted RNA was fragmented using NEBNext first-strand synthesis reaction buffer (53) . First-strand cDNA was synthesized using random hexamer primer and M-MuLV reverse transcriptase (RNase HÀ), and the synthesis of second-strand cDNA was performed using DNA polymerase, RNase H, and reaction buffer. Subsequently, the purified second-strand cDNA was ligated with NEBNext adapter after adenylation of 3 0 ends of DNA fragment, and 150-to 200-base-pair (bp) cDNA fragments were isolated. PCR amplification was performed to enrich the cDNA libraries using Phusion High-Fidelity DNA polymerase, Universal PCR primers, and Index (X) Primer. The quality of libraries was assessed by the Agilent Bioanalyzer 2100 system. The libraries were sequenced at the Novogene Bioinformatics Institute (Beijing, China) on an Illumina HiSeq 4000 platform, and 150-bp paired-end reads were generated after the clustering of the indexcoded samples, performed on a cBot Cluster Generation System using TruSeq PE Cluster Kit v3-cBot-HS (Illumina), according to the manufacturer's instructions.
Transcriptome Assembly
Clean data were obtained after filtering out reads with adapters and poly-N . 10% and low-quality reads from raw data through in-house Perl scripts developed by the Novogene Bioinformatics Institute (Beijing, China). Reference genome and gene model annotation files were downloaded from Ensembl genome browser (Susscrofa 10.2, http://www.ensembl.org/index. html). An index of the pig reference genome was constructed using Bowtie v2.0.6 [31] , and the paired-end clean reads were aligned using TopHat v2.0.9 [32] . The mapped reads of each sample were assembled by both Scripture (beta2) [33] and Cufflinks v2.1.1 [34] .
lncRNA Identification
For reducing the false-positive rates, we used the following six steps to identify lncRNAs, including lincRNA, intronic lncRNA, and anti-sense lncRNA [35] : 1) All assembled transcripts of two sequencing libraries were combined using Cuffcompare software [36] , and those transcripts were discarded if they were assembled only by Scripture (beta2) [33] or Cufflinks v2.1.1 [34] . 2) Transcripts with a single exon and less than 200 bp were removed.
3) The read coverage of every transcript was calculated using Cufflinks v2.1.1 [34] , and those with less than three reads of coverage and an FPKM value at 0.01 were removed. 4) The remaining transcripts were blasted with known pig lncRNAs in the ALDB [20] using Cuffcompare, and only these lncRNA transcripts, of which the splice sites were completely congruent between our results and those in the ALDB, were immediately brought into our results as known lncRNAs. In addition, transcripts that belonged to rRNA, tRNA, snRNA, snoRNA, pre-miRNA, pseudogenes, and so on were discarded. 5) Those transcripts were removed if they could blast with known mRNA (ftp:// ftp.ensembl.org/pub/release-79/fasta/sus_scrofa/dna). Three kinds of lncRNAs were identified from the remaining transcripts using information on class_code (htt p://cole-trapnell-lab.git hub.io/cufflinks/cuffcompare/index. html#transfrag-class-codes). 6) Coding potential analysis software-CodingNon-Coding-Index (CNCI) (score , 0) [37] , Coding Potential Calculator (CPC) (score , 0) [38] , Pfam-scan (E-value , 0.001) [39] , and phylogenetic codon substitution frequency (phyloCSF) (Max_score 100) [40] -were used to assess the coding potential of transcripts, and the intersection result of each software was defined as novel lncRNA transcripts in our study.
Expression Analysis
The lncRNAs and protein-coding genes expression levels were estimated by FPKM (fragments per kilobase of exon per million fragments mapped) and assessed using Cuffdiff v2.1.1 [41] . Gene FPKMs were computed by summing the FPKMs of transcripts in each gene group. In addition, Cuffdiff provided statistical routines for determining differential expression in digital transcript or gene expression data using a model based on the negative binomial distribution. P-adjust , 0.05 and jlog 2 (fold change)j . 1 were set as the threshold in the differential expression analysis.
Target Gene Prediction and Gene Ontology Enrichment Analysis
Cis role of lncRNAs was their acting on neighboring target genes [42, 43] . We searched coding genes 10 kb upstream and downstream of all identified lncRNAs and then analyzed their functional roles. For understanding the functional roles of the target genes of lncRNA, we used the GOseq R package [44] to implement enrichment analysis in which gene length bias was corrected. In addition, KEGG enrichment analysis on target genes was performed on KOBAS software [45] using a hypergeometric test. Gene ontology (GO) terms and KEGG pathways with corrected P , 0.05 were considered significantly enriched.
Quantitative Polymerase Chain Reaction
Quantitative polymerase chain reaction (qPCR) was performed as in our previous study [29] . Primers of lncRNAs (see Supplemental Table S1 ; Supplemental Data are available online at www.biolreprod.org) were designed using primer 3 (v0.4.0) (http://bioinfo.ut.ee/primer3-0.4.0/primer3/input.htm) and synthesized by Shanghai Sangon Bio. Pig-TBP (TATA-Box binding protein) was used as internal control [14] . High-quality total RNA was reverse transcribed using the RevertAid First Strand cDNA Synthesis Kit (Fermentas; 11917-020). The reaction was performed using the SYBRgreen PCR Master Mix (ABI; 4304437) in a Thermo PIKO RE-AL 96 system as follows: 508C for 2 min and 958C for 10 min, followed by 40 cycles of 958C for 5 sec and 608C for 30 sec. The relative expression of lncRNAs were evaluated using the 2 À44Ct method. At least three independent biological replicates were used for each lncRNA.
Reverse Transcription PCR and RACE Clone
The reverse transcription PCR (RT-PCR) primers were designed using Primer 5.0 (Supplemental Table S1 ) and synthesized by Shanghai Sangon Bio; 2.5 ng total RNA were converted into cDNA using the PrimeScript First Strand cDNA Synthesis Kit (Takara; no. 610A) with oligo-dT primer. The PCR RAN ET AL.
reaction was performed in 20 ll with the thermal cycling program as follows: 948C for 5 min, followed by 35 cycles of 948C for 30 sec, 60 6 18C for 30 sec, 728C for 30 sec, and a final extension step at 728C for 5 min. In addition, 10 ll of each PCR product were separated by 1.5% agarose gel electrophoresis.
The primers used in the RACE clone were designed using Oligo 7.0 software (Supplemental Table S1 ) and synthesized by Shanghai Sangon Bio. All kits used in this section were provided with the SMARTer RACE 5 0 /3 0 Kit component (Takara; no. 634858). Briefly, the 3 0 -RACE and 5 0 -RACE PCR reactions generated the 3 0 and 5 0 cDNA fragments following the PCR program after getting the first-strand 3 0 -RACE and 5 0 -RACE cDNAs: five cycles of 948C for 30 sec and 728C for 3 min and five cycles of 948C for 30 sec, and 708C for 30 sec and 728C for 3 min, followed by 25 cycles of 948C for 30 sec, 688C for 30 sec, and 728C for 3 min. Purified PCR products were then cloned into the pUC-19 vector and sequenced by Shanghai Biosune Co. Ltd. The experimental protocols were strictly performed according to the manufacturer's instructions.
Statistical Analysis
All the qPCR data were expressed as mean 6 SEM. All data were analyzed using one-way analysis of variance to test homogeneity of variance via the Levene test and followed with the Student t-test (SPSS 17.0 software). P-values of ,0.05 and ,0.01 were considered statistically significant and very significant, respectively.
RESULTS
Morphology of Immature and Mature Testicular Tissues
As shown in Figure 1 , the morphology of immature and mature testicular tissues was significantly different. Under 1003 magnification, the diameter of seminiferous tubules in immature testis was much smaller than that in mature testis, while the interstitial connective tissue of mature testis was larger than that of immature testis (Fig. 1, A and C) . Under 4003 magnification, more spermatogenic cells and Sertoli cells were detected in mature testis than immature testis and moved closer to the basement section of seminiferous tubules in mature testis (Fig. 1, B and D) .
Overview of RNA Sequencing
Raw data extracted from RNA-seq in this study were submitted to the National Center for Biotechnology Information Short Reads Archive (accession nos. SRP056644 and SRX1404859).
In order to identify lncRNAs expressed in immature and mature porcine testes, two cDNA libraries named D30 and D180 were constructed and sequenced using the Illumina HiSeq 4000 platform. A total of 94 453 486 and 101 734 058 raw reads were generated at D30 and D180, respectively. The GC content of each library was 49.32% and 49.19%, respectively. In addition, 90 440 168 (85.75%) and 97 001 700 (95.35%) clean reads remained and were used in the following analysis after discarding these reads with adapters, poly-N . 10%, and any other possible contaminants. Approximately 71.26% and 69.66% of the clean reads of each library were mapped pig reference genome (Susscrofa 10.2), and 36 727 transcripts were assembled in these two libraries using Scripture [33] and Cufflinks [34] .
Identification of lncRNAs in Porcine Testes
To minimize the false-positive rates in identifying lncRNAs from 36 727 assembled transcripts, we developed a stringent filtering pipeline to discard transcripts without all characteristics of lncRNA (Fig. 2) . After discarding transcripts that were less than 200 bp in length and had two exons, three-read coverage, and an FPKM value of 0.01, the remaining transcripts were blasted with pig-known lncRNAs, yielding 240 pig-known lncRNAs corresponding to 229 lncRNA genes (Supplemental Table S2 ). Then the remaining transcripts were blasted with known classes of RNAs and protein-coding genes, and 537 putative lncRNA transcripts corresponding to 523 lncRNA genes were identified from an intersection of the
FIG. 1. Histological evaluation of testes tissues in immature and mature pig.
A and B were the morphology of immature testicular tissue under 3100 and 3400 magnification, respectively, while C and D were the morphology of mature testicular tissue under 3100 and 3400 magnification, respectively.
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analysis results of CPC, CNCI, pfam, and phyloCSF, which included 472 lincRNAs (87.90%), 45 antisense lncRNAs (8.38%), and 20 intronic lncRNAs (3.72%) (Fig. 3A and Supplemental Table S3 ).
Twenty-five out of 752 lncRNA genes were alternately spliced and yielded two different lncRNA transcripts. A total of 777 lncRNA transcripts, distributed in all chromosomes except the Y chromosome, were used in next analysis (Fig. 3B) . The average length and size of open reading frame of 777 lncRNA transcripts were 1240 bp and 107 bp, with a range of 200-16 791 bp and 42-338 bp, respectively. Furthermore, the average number of exons was 2.37, and 74.52% of transcripts contained only two exons.
In the present study, a total of 26 712 protein-coding transcripts also were identified, and the average length was 1983 bp, which was longer than that of lncRNA transcripts. In sequence length, protein-coding transcripts were mainly longer than 2000 bp, while lncRNA transcripts were distributed mainly from 200 to 1000 bp (Fig. 4A) . The average exon number of protein-coding transcripts was 8.7, which was much more than that of lncRNA transcripts. In addition, approximately 36.2% of the protein-coding transcripts contained more than 10 exons, while no more than seven exons were detected in lncRNA transcripts (Fig. 4B) .
lncRNAs Profiling of Immature and Mature Pig Testes
The expression level of lncRNA transcripts was estimated by FPKM. More than half of lncRNA transcripts were expressed less than 2 FPKM, and only about 10% of them were expressed more than 10 FPKM (Fig. 5A) . In general, the number of lncRNA transcripts decreased with the increasing FPKM (Fig. 5A) . Furthermore, we detected that the expression level of lncRNA transcripts was much lower than that of the protein-coding genes (Fig. 5B) , which was similar to that of rat [46] and human [35] lncRNAs. In total, 735 lncRNA transcripts were shared in immature and mature pig testes, while 20 and 22 lncRNA transcripts were identified only in immature and mature pig testes, respectively. A total of 33 and 68 up-regulated lncRNA transcripts were detected in immature and mature pig testes, respectively, with jlog 2 (fold change)j . 1 and P-adjust , 0.05 as the cutoff.
Conservation of Porcine lncRNAs
To examine the sequence conservation of pig lncRNAs identified in this study with other mammals, the reciprocal hit BLAST method was used to compare 777 pig lncRNAs with those of human and mouse; 198 619 human (Release 23) and 111 706 mouse lncRNAs (Release M7) in the Gencode database were used in our analysis. A total of 257 (33.08%) and 138 (17.76%) pig lncRNA transcript sequences were overlapped with 3050 human and 697 mouse lncRNAs after taking an intersection from two results (E-value 10 À5 ) , respectively, of which 136 (17.50%) pig lncRNAs were shared between human and mouse. In addition, 777 pig lncRNA transcripts identified in this study shared the sequences of human and mouse lncRNAs and ranged from 21 to 1360 nt (81 nt on average) and from 21 to 1043 nt (95 nt on average), respectively.
Enrichment Analysis of Nearest Neighbor Genes of lncRNAs
Taking 10 kb as the cutoff, 402 protein-coding genes were found as nearest neighbors of 294 out of 752 lncRNA genes. GO and pathway enrichment analysis were executed for exploring their functions. Thirty-three GO terms were significantly enriched (P, 0.01) and were involved mainly in cell parts (GO:0044464), intracellular parts (GO:0044424), and intracellular membrane-bound organelles (GO:0043231), while others contained with a small number of genes (Supplemental Table S4 ). In addition, we found that seven pathways were significantly enriched (P, 0.05) with no more than 10 genes, such as the TNF signaling pathway, the AMPK signaling pathway, and the estrogen signaling pathway (Supplemental Table S5 ).
Validation of Differentially Expressed lncRNAs
Eight known and seven novel differentially expressed lncRNA transcripts were randomly selected to validate the relative expression in immature and mature porcine testes using qPCR. As shown in Figure 6 , the results showed that all of the selected lncRNA transcripts were detected in immature and mature porcine testes, of which 14 showed differential expression at two time points. In addition, ALDBSSCT0000004244 did not show differential expression, which was inconsistent with RNAseq data (log 2 [fold change (D30/D180)] ¼ À6.7609). It was probably caused by biological differences between samples and the sensitivity as well as capability of the different methods.
Validation of Novel lncRNAs
Ten putative lncRNA transcripts identified in D30 and D180 libraries were randomly selected to validate using RT-PCR [47] . As shown in Figure 7 , eight putative lncRNA transcripts were amplified with expected size, while TCONS_00090203 and TCONS_01420164 amplified with an extra band of ;900 bp. In addition, we selected TCONS_00304727 (chr10, 22098820-22103028, þ), amplified by RT-PCR, to clone its sequence using RACE clone technology, and a 626-bp-length sequence was cloned. The cloned sequence can blast with the RNA-seq data completely (Supplemental Table S6 ). The qPCR confirmed that TCONS_00304727 was significantly upexpressed in mature testes (P, 0.05) (Fig. 6J) , which was consistent with RNA-seq data. All of these above-mentioned results showed that our pipeline is highly strict in identifying putative lncRNAs, and most of them are truly expressed in vivo.
DISCUSSION
Previous studies revealed that lncRNAs play important regulating roles in testis development and spermatogenesis, and a large number of lncRNAs were identified from the testes tissue or germ cells of mouse [24, 26] , rat [23, 48] , and human [25] . In porcine testes, more studies focus on the miRNAs, piRNAs, and transcriptome profiling than lncRNAs [29, 30, [49] [50] [51] , while lncRNAs in porcine testes development fail to be fully illustrated. In this study, we identified 777 lncRNA transcripts from immature (D30) and mature (D180) pig testes using the Illumina HiSeq 4000 platform. To the best of our knowledge, this was the first study to identify lncRNAs during postnatal development of the porcine testes.
We identified 777 lncRNA transcripts from 752 lncRNA gene loci in our study, which was less than those in the testes of other animals [22, 26] . The differences might be explained by species differences and the characteristics of tissue-specific patterns of expression [52, 53] . Meanwhile, the pipeline might also contribute to these differences. In our study, we developed a highly stringent pipeline to identify lncRNAs more excelled than that of previous studies. Below, we discuss them in more detail. 1) Only those transcripts with at least three unique reads spanning every splice site can be used to identify known and novel lncRNAs. 2) Only the splice sites of our identified transcripts that were completely blasted with these in the ALDB could be as known lncRNAs in this study. 3) We performed an integrated analysis of CNCI, CPC, Pfam-scan, and phyloCSF in predicting the coding potential capability, and 547 novel lncRNAs were identified (Fig. 2) , while about 1000 novel lncRNAs were predicted by all the software (Fig. 3A) . In general, all of these above-mentioned methods could increase the quality but decrease the number of lncRNAs identified in our study. Furthermore, 15 differentially expressed lncRNA transcripts were randomly selected to validate using qPCR, and only one was inconsistent with RNA-seq data, and eight out of the 10 selected novel lncRNAs could be amplified by RT-PCR. In addition, one of the 10 selected novel lncRNAs was further validated by RACE clone technology in vivo. All of these results could confirm that our resultant lncRNAs were of high quality.
The lncRNAs identified from immature and mature pig testes shared many of the characteristics with mouse, rat, human, and other mammals, which included fewer exons, shorter length and shorter exon length, and lower expression level than those of protein-coding genes [6, 12, 35, 47, 53] . These clues further indicated that mammals share some specified characteristics and provided a reference for studying lncRNAs in other species. The average lengths of lncRNA transcripts were identified as 456, 1043, and 1240 bp in pig skeletal and testes using 50- [49] , 90- [14] , and 150-bp (this study) paired-end RNA-seq technology, respectively. Thus, we speculated that the average length of lncRNA transcripts in pig increased with the pair-end read length, and the longer pair-end reads were of importance in acquiring the whole sequence of each lncRNA transcript. In addition, 25 lncRNA genes were alternatively spliced and yielded two different lncRNA transcripts in our study (Supplemental Fig. S1 ). Previous studies declared that altered splicing of lncRNA gene could quantitatively modulate gene expression in development and other physiological processes through cotranscriptional coupling mechanisms [54] [55] [56] , and therefore it can be predicted Supplemental  Table S1 . The first and second lanes were with PCR products using cDNA and without cDNA (negative control). *, more than one PCR product.
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that those 25 lncRNAs may play extra functional roles in pig testes development and spermatogenesis.
A total of 101 identified lncRNA transcripts were significantly differentially expressed in immature and mature pig testes. In addition, we used microscopic analysis to determine the morphology of immature and mature pig testes, and the results showed that there were many differences between these two time points, including the diameter of seminiferous tubules and interstitial connective tissue and the number of spermatogenic cells and Sertoli cells. Given these results, we conferred that the transcriptomic change was caused by differences in cell types in immature and mature pig testes and that lncRNAs might play critical roles in pig testes development and spermatogenesis. The roles of some lncRNAs in testes development and spermatogenesis were discussed in previous studies. For example, an lncRNA named mrhl RNA (meiotic recombination hot spot locus) played a negative role in Wnt signaling in mouse spermatogonial cells through its interaction with p68 [57] , and Wnt signaling also could downregulate mrhl RNA expression through increasing the role of ctbp1-mediated histone repression [58] . This regulation loop between mrhl RNA and Wnt signaling in mouse spermatogonial cells shows that lncRNAs may variously participate in the process of testes development and spermatogenesis. The function of lncRNAs was not inferred from their sequences and structures in our study and others [26, 27, 59 ], so we collected protein-coding genes with nearby (,10 kb) identified lncRNA genes, and 402 protein-coding genes were collected. GO and pathway enrichment analysis showed that these protein-coding genes were enriched in transcription-and development-related processes, similar to previous studies [26, 27, 59] .
In conclusion, this study provided a catalog of porcine testes lncRNAs for further understanding their regulation roles in pig testes development and spermatogenesis. In addition, our ongoing effort will focus on the function of some lncRNAs through experimental approaches, expecting to provide more fundamental information in understanding their regulatory mechanisms of porcine testis development or spermatogenesis on the molecular level.
